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Theoretical Studies of Metal Clusters and of Chemisorption on Metals

R. P. Nessmer
Genersl Electric Corporate Research and Developmest

Schenectady, Nev York 12301

Abstract

( \Cpha
N /v”' ‘
“ATio resulty of different theoretical methods are compared in the amalysis

of three illustzative prodblems. The methods imvolved are: locsl deasity func-
tional (LDF), i;f Nartree-Fock, geseralized valence bond (GVB) and configura-
tior iatersction (CI). The three problems considered are: (1) the bomding of
lJ;‘lld Ctgh (2) the photoelectron spectra of Cu clusters and (3) the chem-
isorption of N;'on Ni. The comparisons provide mew insights both into these
problems and into the physical content of the methods per s¢. In the case of
the comparison of studies on Cu clusters, ome is led to reinterpret the mature

of photoemission from asrrow d-bands and its relationship to conventional dand

theory.
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I. Introduction

In theoretical studies of s quantitative or semsi-quantitative mature
vhich address the chemisorptioa of atoms or molecules oz a metal surface, two
common basic approaches are preseatly employsd. In the first approach, ome
represents the metal surface by s slab of fimite thickness and exploits the
periodicity of the metal in the two directions parallel to the surface to sim
plify the calculations. This approach iavariably utilizes the local denmsity
functional (LDF) method im which various approximate treatments of exchange
and correlation are implemented in order to achieve locsl potentials. With
such local poteatials, tractable ome-electron Schrodiager equations are
obtained which can be solved easily by standard procedures.

In the second approach ome represents the metal surface by a cluster of
atoms. In this approach LDF and Xa methods as well as the Hartree-Fock method
have been applied to describe the electronic structure of the cluster. When
employing a finjite cluster, traditional gb injitio methods of incorporsting
electronic correlation effects in finite systems can be wsed, e.5., configura-

tion interaction (CI) methods. However, relatively little work has deen donme

——

along this line for metal clusters per se.
Both of these approaches are rather gross simplifications of the actual

physical problem. However, each has some desiradle characteristics which
would be advantageons to retais iz a more gemersl approack. For example, the
sl1ad approach to chemisorption does aot suffer from the undesirable "odge
offects” which caz cause problems ia cluster ealoulations. On the other hand,
ia the cluster approach ome can treat the ohemisorptioa of a oli;lo stom or
molecule rather than a periodic erray of adsorbates. This is advaantegeons ia

dosling with 10cal joaizations such as ocour iz the treatasat of core level
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photoslectron spectra. Also when using g injitioc methods in the cluster
approach, importsnt correlstion effects ia the adsorbate molecule cam be

treated explicitly .l 2

Suc) s strategy camsot be utilized ia the slad
spproach or in cluster calcslations which mse LDF methods, ss there is mo
knowa systematic procedure for improved trestmest of correlstion effects
within the LDF framevork. Thus there remains comsiderable opportmaity for
aew, more flexible and more general theoretical approasches to the prodles of
chemisorption oa metals.

Nevertheless, considerable insight to a number of specific problems can
be afforded by judicious spplication of the slad aand cluster approsches, in
spite of their inherent shortcomings. In the followimg, the discussion will
be restricted to finite systems and hence cluster methods. Vithia this com-
text, we wish to discuss three specific systems ia which two or more theoreti-
cal methods are wtilized to iavestigate the system. As we shall see, the
objective of uwsing several methods to stedy a particular prodlem is that it
allows ome to separate those effects which are strictly artifacts of a givea

method from those effects which comstitute the maderlyiag physics of the prodb-

lem. Thus, as a resslt, we slso gain significant sew insights into the effi-

eacy of the methods themselves.

The examples we have ohosen to discuss are: (1) donding in the loz and
(::-z diatomic molecules: (2) the grouand state aad ioam states (photoslectroa
spectrum) of Cu clusters, and (3) bonding and photoelectroa spectra of Nz
ohemisorbed on Ni. Ia the first ease, resslts of Hartree-Foek LCAO, general-
ised valence dond (GVB)-CI, Xa-LCAO aad LDF-LCAO csleulations are discussed
which demonstrate the importance of speeific iatza-atomic eorrelation eoffects
ia desoriding the Voading ia Cr,. For the Cu ¢luster example, Xs- scattered

wave aad Nartreo-Fock calculations are ecompared, which 1eads to sev insight
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zegardiag photoemission from the Cu &-bands. 1Ia the third case, 2 comparison
of Nartree-Fock (NF), GVB and GVP-CI calculations shows the importasce of
including certaia Nz correlation effects and of msing a represestation of the
aetal which allows for the slectromic polarizability of the ssbstrate. These
examples are discussed iz tura in the sext three sections. Ia the final sec-

tion, we drav some general comnclusions sand speculate sbout future directions.

11, Bomding in Io2 snd Crz

There has been a receant surge of iaterest both oxpori-ntcuy’-‘ snd

thooutlcllly’-n rogarding the bonding in lo2 aad Ctz. This interest does
not derive from entirely academic issues. Rather, these molecules comstitute
a "testing ground” for theoreticsl techniques whioch would pretead to s geseral
validity for larger metal clusters. Such test systems are psrticularly impor-
tant, becasuse our understanding of metal-metal bomding is quite primitive in
comparison to that regarding bonding in aon-metal systeas.

In Table I, s comparison of varioss theoretical vesults for the equili-
briwm bond length and dissociation emergies of loz and Crz is presented
together with the experimeatal values. PFocusiag os loz for the present, we
aote from Table I that all of the calcslations give bond leagths within 0.2 A
of the experimental value, with most resnlts giviang much closer agreement.

The GVB zesults also predict s second minimwm at ~ 3.1 A. Nome of the other

salecslations produce & secondary energy minimwm in their potemtial curves.

The sgreement smmong the results for the dissociation emergy is mot very ]
impressive. There is a growp of resslts betwesa 4.2 to 5.3 oV, sll from LOF I
cslculations. The resunlts from the Xa sad GVB calculatione give much mmaller

bond evergies. Ve will return to this point shortly.
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Four of the sevea results for lo2 shown ia Table I were obtained from LDF
calenlations. However, they employ differeat basis sets, differeat deansity
functionsls, etc. which makes comparisons among @ifferent methods (e.g., 6GVB,
Za and LDF) very difficult and 20t very iaformative. Ia order to mske s more
meaniagful comparison betveen methods., we have carried out & series of LDF end

Xa cnlcllutiuon’u

using the same basis sets employed iz the GVB calcunla-
tions. Thus the differeaces ia these results may be attributed directly to
the methods as they are 20t confused by varioss approximations made ia the
implementation of the methods. The results of these calculations are desig-
nated as LDF-1, LDF-2 aad Xa in Table I. Both sets of LDF calculations are
based on the electron gas data of Ceperley asmd Al‘or“. but differeat pud-

lished fits to the exchangs-correlation poteatial are used. LDF-1 uses the

15 16

fit of Perdev and Zuager ~ and LDF-2 uses the fit of Vosko, Wilk and Nusair .
Thus, the only difference among the LDF-1, LDF-2 and Xa calculations is the
functionmal form of the exchange-correlation potemtial msed; all other aspects
of the calculations are jdeptical. Note the significant difference between
the LDF(1 and 2) results and the la results.

Ve will focus sow om the Ctz gresults preseated in the lower half of Tabdle
I. Note that here the GVB and Xa results are msot oaly quastitatively dif-
foreat (i.0., ia the value of the boad emergy) from the LDF results, they are
qualitatively differeat (i.e., large discrepancies ia boad length and bdomd
energy) and ia severe dissgrecment with experiment. As the GVB method
inclindes interatomic eorrelation effects in as scourste snd well-defined
messer, the large diserepancy detween GVB and esperiment ssggests that atomic
sorrelation offects may sot be treated properly. Having moted that the GVB
ond Xa rosults are similar we may hypothesize that the GVB and Xa resslts may

differ from the LDF results becanse of different treatment of atomic

-
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correlation o!’fntt.‘z’”’l. To test this hypothesis for the LIF to s
differesces s number of atomic calculations were performed for the LDF-1 aad
Xa -othods.u Only those results which are mecessary to make our preseat point
ere summarized im Table II., Howsver. im order to mske the key poiat, it is
necessary to back up slightly.

The grosad electromic coafigurstion and state of the Cr and Mo atoms is
“5.1) 78. i.0., all the spins are sligned. Ia order to form a stromg
covalent bond, the imtra-atomic u’chngc interactions must bde smsller than the
iateratomic emergy lowering afforded by the overlap of orbitals on differest
sites. If the atomic exchange imteraction is over—estimated by the theory (in
comparison to expsriment), it will reduce the tendency for a stromg boad to
form. In the formstiom of a cc.bnlut bond there are two compoments which com-
tridbute to the binding esergy. 8 covaleat compomeant and am ioaic co-ponut.“
The ionic component maturally imcludes terms which are imtra-atomic im msture.
Again, if these terms are over—ostimated by the theory strong bond formation
will be jeopardized. We will refer to these two atomic effects as the
exchange effect 228 the ionic effect, respectively.

Returaing to Table II gnd keoping in mind that it is the d-electroms
which are important ia forming a stromg boad, we see that the importamce of
the exchange offect can Do estimated by the energy seeded to go from the
ground state to the s'd“d‘ configurstion. Likevise, the importamce of the
ionic offect cas e ostimated from the emergy required to ezcite as electroa
from the groand state to the l”d‘ onﬂuntln.n For the sase of loz. both
LDF-1 and Xa waderestinate the ionic effect whes eompared to n’_otluc-t. For
the oxchange offect, doth methods slightly overestimate the energy. no.u is
aothiag dramatic hore to interfere with boading and both methods predict a

strong multiple bond with the LDF giving a eensideradly Ligher bond energy.

by
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The situatios iz guits different hovever, ia ths case of (kz. Bore we
see from Table II that the Xa method significantly overestimates both the
exchange end ioaic eoffects with the result that it does not yield a strong
anitiple bond, walike the LDF method. Thus we have traced the failure of the
Xa method ia gualitatively describiag the Crz boad to the overestimation of
some stomic electroaic intersction emergies, i.e¢.. to stomic ocorrelation
effects. Fig. 1 shows the bdinding curves determined from the GVB, LDF and Xa
sethods: a1l calculations used the same basis sst.

The problem in the 6VB calculation has been identified as the overestima-

18.18 In fact, the energy of the ¢50‘6 configurstion

tion of the ifomic effect.
is 1.25 oV higher than the Xa result, giving & result which is mearly 3 oV
higher than experiment. This is responsidble for the lack of a strong multiple
bond in the GVB calculations for Crz. If this problem is corrected, a binding
curve is obtained which is gmalitatively similar st smel]l R to the LDF

13,18

results, i.¢., a strong multiple bond is formed with l. ~ 1.7 A, However,

the previous minimum at around 3.1 A remains and decomes a second (local)
ainiswm. Recall, that & second minisus was also found iz the case of lo2 .1
Thus at large R there is s discrepancy between the GVB and LDF results. If
these second minims at large R sre verified experimentally, the prodlem of
spin-cowpling ia LDF methods will have to be sddressed. It is clear ia the
sontext of the GVB method that the two minima arise because of changes ia

spin~cowpling as & fumction of l.’

Howevezr, thess effects are 30t included in
the LDF method, end it is aot ‘ohiou at present hov the method conld be modi-
fied to include them.

Thus from a systematic comparisos of resslits from several methods, one

eas leara aot oaly something abost boading is l»z and Ctz. ut also somethiag
abdost the methods themseives. ¥We have seen that the Xa and GVB mnethods

PP P




overestimate atomic coulomb iateractions (iomic effect) leading (in the case
of Ctz) to the failure to form s stromg multiple bond. The LDF methods, on
the other hand, are appareatly able to properly account for this istersction;
Dowever, it is far from transpareat how this is scoomplished. The GVB method
can tske sccosnt of chamges ia spin-coupling properly, vheress the LDF camnot.
-Ou advantage that the gb iaitio methods have over the LDF methods is that

they are susceptible to systematic improvements. !

II1. Ioaizstion from Cu Clusters: Implications Regarding Band Theory

One of the principal experimental probes of the electromic structure of
N nmoetal surfaces and chemisorbed species on metals is photoslectron spectros-
copy. As the metal is frequently represented by a cluster of atoms in
theoretical work, it is therefore of interest to study the ground state and
ion states of metal clusters in order to see if we can learn how ionmization
from such clusters is related to iomization (photoemission) from the metal
surface.

Although everyone recognizes that the emergy of a photoslectron, lEk =
m-ABk. measurss the difference in the grownd state and e (D) ton state
stotal enersiss (‘!k) for s given photon emergy, this is oftem too readily for-
gottea. The problem is the esse with which one can lapse into thimkisg ia
terms of ome-eleotrom theory. HNers ome often imagines, on the dasis of some
molecular orbital or baad structure calculation for the gromad state, that ome
is seasuriag the biading esergy, sssumed eoqual to an orbital enmergy lctl. of ,
aa electroa iz some ome-electros orbdital 't' Bves ‘'vhen "relazation effects” |
are takea iato sceomat, the mental picture may bde one in vhich ene assmmes i

that the binding emergy will be decreased from its value le |, due to final
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(ion) state electromic relaxzstiom, but that the gemeral picture is otherwise
correct. Indeed, one frequently fiands that this is a very useful sad even
fairly scourate way to think adout the photoemission process. Bowever, it
should be apparent that this approach cannot be expected to be gemerally
valid. Ia fact, there are aa increasing nwmber of imstances where the idea of
electronic relsxation (which seems to connote a modest change in electroaic
structure between the ground state and ion state) may be more appropriately
replaced by the idea of slectronic xgg;.;ji;;j}g; (by which we wish to commote
s major change between the grouwnd state snd ion stuto.)23
Certainly for delocalized electrons in extended systems, especially in
the case of the valence electrons of metsls (delocalizatjon is explicitly
sssumed in bdand theory), the relaxation effects will be megligible. Thus, in
band structure calculations for metals, we might expect that the computed
oigenvalues (orbital energies) would accurately represent the relative iomiza-
tion energies of the metal to the exteat that ome-electron band theory is ade-
quate. In fact, such comparisons Detween photoemission results and band
structure calculatioas for c‘24.25 (as well as many other metals) have been
made and the agreement is rether good, although discrepancies have been noted
aad the possidle importence of relaxation effects hls‘boon tnisod.zs
There is a fundamental problem, hovever. Basd structure calceulations
iavariably use LDF (or Xa) methods and there is mo theoretical justification
ia these methods for ideatifyiang the absolute values of the ome-electron emer-
gies (orbital energies) with experimental iomization onor.lo..z‘ Although the
practice {s common and seems to be justified d¢ facto by its suwcoess, the
question remains: why does it work?
Is order to gain some imsight abost the problem, we will iavestigate the

differences botweon Ia-seattered wave (SW) rooultu”"' and Hartree-Fock (HF)

-1
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29,30

results for Cu clusters. Im Fig. 2 the orbital energies from the two

methods are preseated for 0'13' which coasists of a centrsl atom surrounded by
its 12 nearest meighdors (i.e., the local eaviromment of the feec lattice). In
these molecular orbital calculations the orbitals are symmetry feunctiopns. just
as are the Bloch functioms of band theory. Therefore, those orbitals which
involve the 12 nearest neighbor atoms are forced to be delocalized over this
sot of equivalent sites. For each case in Fig. 2, the tz and ¢_ levels are ]

[}
largely localized on the central Cu atom. The solid boxed-in regions

represent the energy range in which the combinations of d-orditals om the 12
nearest meighbors sre found (amalogous to the d-bands of the metal). The two
dashed lines in each case represent the extremities of the occupied s-like
orbital combinations. In the HF results the s- and d-1like levels are virteo-
ally disjoint, whereas in the Xa-SW results the s-like levels totally overlap
the d-1like levels. The latter situation is much like that obtained from band
structure calculations. Furthermore, if one assumes that relaxation effects
sre smal]l and that ome can use the orbital emersgies to compare with photoelec-
tron spectra, the Xa results reflect the Cu metal experimental distribution of
levels, vhereas the HF results do nmot. This is rather a curious situation
because, as we have pointed out above, the assumption regarding the interpre-
tation of the l'k' as ionization potentials in the Xa theory cammot bs justi-
fied, vheress in the HF theory this interpretation is perfectly valid (Koop-
mans’ theorem) as lomg as the relaxation effects are small. For the d-levels
ia the bozes inm each case, the relaxzation effects are very small becanse of
the delocalisation of the electroms over the 12 eguivalent sites. Thus for
the case whers we cam legitimately oompare the levels with photoemissioa data

(EF case), the cluster results do mot resemble the metal, yet for the la case fi“};

where wo cannot validly make this comparison the results very much resemble
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the situation ia the metal.
A convenient way to obtaia corrected one—electron energies for the Ia and
LDF moethods, which are interpretable in terms of iomization energies is the

L When this is done, there is an overall

Slater transition state procedurs.
shift of the ome-electron levels, but the relative positioas of the s~ and é&-
1ike levels remains essentially the same. Thus there remains a fundamental
difference betwoeen the HF and Xa results.

The resolution of this differesnce for the Cu clusters came vwhen it was
ronllzodzs that ionization from Jocalized é-1ike orditals (atomic 1ike) wounld
significantly change the relative 4 and s iomization emergies of the HF calcu-
lations. BSimilar conclusions for Ni clusters were simultaneonly tclckod.’z
Let us focus on the HF results for d-1ike orbitals (the box in Fig. 2) iavolw
ing the twelve equivalent Cu atoms. If we do mot force the orbitals to be
sysmetry adapted (i.e., delocalized over this set of atoms) dut rather “break”
the symmetry so as to allow iom states to have localized d-holes if it is
energetically favorable, then we find that the d-holes (unlike the s-1like
holes) become stromgly localized. There are coacomitant large relazation
effects, amounting to 4-5 eV in emergy, vhich reduce the Koopmans’ theorem d-
1ike ionization emergiss. However, one no lomger has a one-electron energy
which can be related to the ionization esergy, rather one puat comsider the
differeace ian totsl emergies detwecn the grouad state and ion states, A!k. to
obtain the fonization energies. If ome were to plot a diagram similer to Fig.
2 for the symmetry uwarestricted HF results, except that the “t are used
zathor than the orbital emergies, an jonization apecizum would result ia which
the d-1ike ionization esergies are completely overlapped by the s-1like iomiza-

28-31

tion energies. Ia this regard the calculated spectrum looks very similar

to that of the Xa-5V results shown ia Fig. 2.
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Ia spite of Baviag achieved this agreement botween the ionization spectra
of the two methods and the similarity of both results with the photoemission
rosults of the metal, there is still a difference in the physical picture pro-
vided by the two methods with regard to the iomization process. Im this gd
iajtio approach (symmetry warestricted HF) ome must view the ifomization of 4-
electrons as an esseatially localized process, largely confined to a sinmgle
atom. On the other hazd, the Xa or LDF molecular orbital cluster approach or
band theory approsch traditionally view the ioaization as delocalized in which
sz electron is removed from an extended region in space (s symmetry or Bloch
orbital).

It turns out that ia the Xa (or LDF) method, the orbital emergies give
apparent agreemeat with the experimental jomization spectrum becaunse two
energy contributions are i.norod.za The first is am electron self-emergy con-
tribution and the second is the relaxation emergy. If symmetry is broken in
the Xa calculations and these two energy contributions are takea iato account
explicitly, one fiads that the two contributions are of opposite sign, but of
roughly the same magnitude, producing a near camcellation of the two emer-
"...23 The physical effects associated with these eaergy contributions how-
ever cannot be igmored.

The implications of these cluster results are clear: ionizatioan of 4-
electrons from Cu is localized and the resultiag electromic relaxation effects
asre large (4-5 oV). Ve Delieve this is directly selevant to the physical pic-
ture in the metéil and that it ohallenges the traditiosal view regardisg daad
theory snd the iaterpretation of photoemission. Ia fact, the dg.oropu-cloc
alzeady loto‘zs between band theory results and photoemission experiments may

Rave their origis is the offects we have just discussed.
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Iv. "2 Chemisorbed on Ni: Boading and Valence Photoemission

The aitrogen molecule chemisorbs weakly on Ni, haviag as adsorption
energy of 0.3€ oV for Ni (110)” and ~ 0.5 oV for the Ni (100)“ surface. It
is knowa to be orieated with {ts internuclear axis perpesdicular to the sur-
hoo.”"‘ Understanding the nature of the “2 to Ni substrate bond involves
three issues which are usually raised: (1) whether Ni d-electrons are involved
ia the boading, (2) the extent of o-bonding between s mitrogen lone pair and
the metsl, and (3) the extent of x-bonding betwees the metal and the "2 2n
orbital (which is wnoccupied in the gas phase).

Through an extensive series of gb ipitio calculations for Nz on a variety
of clusters we have attempted to address thess questions as well as the nature
of the fimal states in core and valence level photoemission snd the vibra-
tional frequesmcies and intemsities of Nz on Ni in & consistent fu-owort.z In
the preseat discussion we shall focus on results for two limear clusters., Ni-
"2 end Ni’-ﬂz. because & number of the essential physical poiamts can de illus-
trated without getting into too many details. Likewise, we shall restrict our
semarks hereo to the mature of bonding in the grownd state and a discussion of
the valence photoelectroa spectrus.

At the outset it should be moted that if ome wiskes to discmss the
valence iomization spectrum, the Hartree-Fock method is imadequate as it gives
the incorrect order for the 1xn sad 5o ionization energies ia the gas ptno."

In order to correct this prodblem the m-electroms of "2 must be sorrelated.

The simplest wave function which accomplishes this is obtained from a GVD~

perfect ”lrlu”

use the Xa or LDF methods which give the correst orderiag.

calenlation for the two x pairs. Altersatively., one might

Regarding the bondiag of N, to Ni, the first point to be addressed is
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i that of the participation of the Ni d-electross inm the bondiag. This point

i

cam be examined by treatinmg the Ni atom at two levels of approximstion wsing
effective potentisls. The first effective potential is the modified eoffective
poteatial (I!P)”"o ia which the ten valence electrons sre explicitly com~
sidered. The secoad potentisl is the d’ -averaged m“ in which the localized
34 electrons are incorporated into the potential, leavimg only the 4s electron
to be considered explicitly. For a double zeta dasis set and treating corre-

lation in the three Nz bonding pairs at the GVB-PP level for the Ni-Nz clas-

ter, both calculations give s binding emergy of approximately 0.03 eV. This
) shows that the dn-bonding interaction is megligible. However, this small

binding energy leads to the mext question: why is the o-bonding imteraction

# . for Ni-llz so saell?
Coasider the Ni-N2 bond being formed from a lome psir om the closest N

| atom overlapping with the Ni 4s orbital. Clearly, this is not a very favor-

able situastion for forming a two-electron bond. Ia order to form a dative \

bond between the Ni and Nz it is secessary for the Ni 4s electron to be abdle
to move out of the way so that the lone pair canm experience a muclear attrac-
tion from a less screened Ni atom. It s very difficslt for a simgle Ni stom

to exhibit sufficient polarization to accomplish this effectively. However,

. is & larger cluster or on the metsl surface this polarizatiom can be sccom-

plished more readily. A simple case which exhibdits the effect s the linmear
lu’-llz cluster.

For the linssr ll,-ﬂz calculations the d’ ~averaged MEP was ased for the
N1 stoms. Thus ia these calcunlstions we isclate the o-boadiag componeat

exclugively. That is, so dx-donding is possible (althouwgh, im faet, it is

i
v
!
|

negligible) becanse of the effective potential nsed sad 20 other n-

isteractions are possidie (becasse the 4p orbitels are wacceupied is the Ni
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stom) ss could possibly occur with larger clusters containisg several ssrface
stoms. The calculated bindiag emergy is 0.5 oV and the polarizatioa of the
“gsurface” Ni atom is observed. Ia order to assess the importamce of n-donding
botveen the metal and the "2 2% orbital, larger clusters must be otulicd.z
The results of these calculations show that such x-interactions sre negligi-
ble. Thus, the cosclusion is that the boading ia uchl-ll2 chemisorption is
dominated dy o-bonding. A similar comclusion was reached for the case of
00/Cu(100) usiag Xa-SW ulcuhtint.‘z

Results for the valemce ion states are presesated ia Tadle III, again
based on the Nl,-Nz cluster calculations. In the grosnd state the 2n level of
“2 is wmoccupied. Viea a valence electron is iomized (i.e., ionization from
So, 1x or 40) two possidle fimal states are importast im each case. Consider,
for example, ioaization from the So orbitel. Ia this case the two finsl
states are: (1) am electron is ionized from the 5o and an electron is
transfoerred from the metal to the 2w orbital of N2 =~ this final state is
designated as (5«).-1 where the subscript denotes that the ioa is screened,
and (2) am electrom is iomized from the 50 and 30 charge tramsfer takes place
— this fizmal state is designated as (Sc);l. The agroement between the calcu-
lated values and the experimental ijonmization emergies for the nzlm(no) sys-
tem is gquite good.

Although previous gb initio cslculations have Been carried cut for the
lzlll nysto-.“ they have employed an ll-ﬂz oluster and the Nartree-Fook
method. The deficiencies of this approack are spparent from the discussion
ebove. Thus it is mot surprisiag that the coaclusions of this previoms work

are at odds with the preseat uuy.’
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V. Summary

The thres problems we have discussed demoastrate, iz ons way or asother,
the importance of electromic localization and correlatios effects. It would
appear that there are & wide variety of problemas ia surface science aand ia
elcetronic structure theory ia gemeral for whick these effects cammot be
igaored. Thus, more sophisticated approaches to electromic structure beyond
the traditional molecular orbital amd baand structure methods will be nmecessary
ia the future. For fisite systems such approsches are already available aad
are significantly coatributiag to our mnderstsadiag.

A crucial aspect of methods which imcorporate correlation effects, sll
too often meglected, is their ability to provide simple physical pictures
which cam be used to think abost related problems where detsiled calonlatioas
have 20t been performed. It is this asthor’s opinion that it will be those
methods which address this critical issue which will become the stamdard

approaches in the mext geseration of electroaic stracture theory.
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; TABLE I, Comparison of Results for loz snd Ctz.
! Noleoulse Ne thod Boad Length (A) Boad Eaergy (eV)
i .
! Mo, evp* 1.97 1.40
t (s.09)° (0.49°
‘ | cos , )9 &V mabound
| LOF® 2.1 4.2
LOF® 1.98 4.35
| Lop-19 1.96 5.33
LoF-2% 1.96 497
1a%° 2.11 3.34
Expt. 1.98f 4.208
e, evp* 3.06 0.35
r 20 oV wabousd \
Za-p*! 2.75 1.0
LDF® 1. 2.8
LF® 1.7 1.8
Lor-14 1.65 2.88 ’
3 Lop-24 1.68 2.58 '
' P L 2.53 0.49
Expt. 1.68 1.5¢%
— H
i Second aininum in biadiag curve. :
*Ret. 7. *vits «=0.70.
%pet. 10. faet. 5.
“Ret. 9. bpet. 17.
%es. 13, byt 8,
g
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TABLE II. Calculated Buergies of Various Mo and Cr Atomic Configurations Com

pared to the Ground State (iz V).
Atom Coatiguration LDF-1 p ™ Bapt®
Mo ol 0.0 0.0 0.0
olafta? 2.36 2.51 2.2
et 1.16 2.48 $.2
Cr o't 0.0 0.0 0.0
stat'a? 2.96 411 2.7
a'et 4.56 5.84 4.4

*per. 21.
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Table III. Ionization Emergies (oV) for "2 Chemisorbed oa Ni.

lxpotl-ont.

Tiootyp

Jonization Energy
12.8
13.1
16.8
15.8

17.5

Ionization Emergy
12.6
13.6
18.1
16.3
17.2

20.1

Assignment

: -1
(lx)‘

-1
(Sa).
(40) -1

s

-1
(Sc)‘l

-1
(lu)-

-1
(4::)'l

'!xporl-ontal dats are from Horp ot ]1." for NzINA(IIO) and are relative to

the vacuum with a work function of 5.0 eV.

I’Can:ulu:ul at the GVB-CI level with the restriction that excitations iato

different symmetries and between "i3 and Ni are mot nllovcd.z R(Ni-N)=1.994A,

R(N-N)=1.14A, and R(Ni-Ni)=2 49A. Basis sets are doudle—zeta plus polariza-

tion for Nﬁ and d’-avorn.od MEP-282p for Ni. In the charge transfer states

(labels with subscript s) ome of the 2x orbitals is singly occupied (by exci-

tation from Ni,). Ionization energies are referenced to the calculated ground

state of Nl’Nz (Ni 4px orbitals are mot occupied).
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Figure Captions

Fig. 2

Theoretical results for the Ct2 molecsle, Binding curves for the LDF-1 method
(ttlnn;los).12’13 the LDF-2 method (X'a).12 the Xz method ("'.r..)12.13

and the 6VB method (eirclos).' A1l calculations nsed the same gaussian basis

sets.

Fig. 2

Comparison of orbital emergies for Ch13 as determined by the Hartreo-Fock
-cthodzg and the Xa-8SW -cthodz7. The enexrgy extent of the &4-1like orbitals in
each case is shown by the solid box. Likewise the extent of the s-like orbi-

tals is donoted dy the dashed limes. For the BF results there is virtually mo

overlap between the s-1ike and d-like states. For the Xa~SW results, the é&- 4

1ike states are completely overlapped by the s—like states. |

L9

—— .

[T o s e




7hy
&v JONVLSIA YVITINNYILNI
(1} / () 072 0l
| ! | (1]
— 02
-0 2 |
. I et
o —preO= =01 " TN, =
| N -—10 @
Q D
/ <
\ Ih/ oo» - O._.. W
A9 O . | _
DX 4 /u Y -10¢- h,,
¢-407 x .
~ 1-401 v 3IN0I 0N 249 Jog- B
- o N R Lﬂ.,"




ORBITAL ENERGIES (eV)

Cugs Cois
HARTREE-FOCK Xa-SW

$p =———-
d
:—.=_—-=’eq
\'zg
sp ----=
§ E===
d -
-~

—







